Highlights d Starvation increases wakefulness and modulates PVT neuronal activity d PVT CR+ neuronal activity is necessary for starvation-induced arousal d PVT-BNST circuit inhibition attenuates arousal in the starved state SUMMARY Orchestration of sleep and feeding behavior is essential for organismal health and survival. Although sleep deprivation promotes feeding and starvation suppresses sleep, the underlying neural mechanisms remain largely unknown. Here, we showed that starvation in mice potently promoted arousal and activated calretinin neurons (CR+) in the paraventricular thalamus (PVT). Direct activation of PVT CR+ neurons promoted arousal, and their activity was necessary for starvation-induced sleep suppression. Specifically, the PVT CR+ -bed nucleus of the stria terminalis (BNST) circuit rapidly initiated arousal. Selective inhibition of BNST-projecting PVT neurons opposed arousal during starvation. Taken together, our results define a cell-type-specific neural circuitry modulating starvation-induced arousal and coordinating the conflict between sleeping and feeding.
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In Brief
Hua et al. show that starvation increases wakefulness and modulates the paraventricular thalamus (PVT) neuronal activity. Optoactivation of PVT calretinin neurons promotes arousal, and their activity is necessary for starvationinduced sleep suppression. They also suggest that the PVT-BNST circuit is required for starvation-induced arousal.
INTRODUCTION
Homeostasis is a biological principle for the regulation of cardinal physiological needs within a set range, such as feeding and sleeping, and requires crosstalk among multiple brain regions in mammals. Long-term sleep deprivation stimulates appetite [1] , whereas food deprivation suppresses sleep [2, 3] . Recent study in both healthy humans and animals has demonstrated that starvation can generate sleep fragmentation and reduce slow-wave sleep [4, 5] . Several peptides are involved in these regulatory processes (i.e., CCK, orexin, and leptin). For example, intracerebroventricular administration of orexin in rats promotes increased consumption of food, increased wakefulness, and reduced slow-wave and rapid eye movement (REM) sleep [6, 7] . However, their targeted neural circuits are still poorly understood.
The paraventricular thalamus (PVT), as an important component of the limbic system, is implicated in arousal, feeding, reward, and adaptive behaviors [8] [9] [10] . The PVT uniquely receives a vast array of afferent projections from the hypothalamus known to be important in feeding and arousal [10] [11] [12] . Reciprocal connection from the suprachiasmatic nucleus (SCN) to the PVT has been identified in the regulation of circadian rhythms [13, 14] . Electrophysiological studies have further revealed that depolarization and tonic single-spike firing mode of PVT neurons co-exist during wakefulness [10, [15] [16] [17] . In addition, optogenetic activation of LH GABA terminals in the PVT can induce arousal [18] . Notably, the bed nucleus of the stria terminalis (BNST), as an important target of the PVT, plays a crucial role in anxiety, fear, and sleep-wake control [19, 20] . Conversely, direct stimulation of PVT neurons or ablation of inhibitory inputs to the PVT reduces food intake [21] . Moreover, feeding and/or arousal-related neuropeptide Y (NPY), cocaine-and amphetamine-regulated transcript (CART), melanin-concentrating hormone (MCH), and orexin (ORX)-ergic fibers are densely distributed in the PVT [22, 23] . Thus, these studies suggest that the PVT may play an integration role in harmonizing the conflict between sleeping and feeding behavior.
In this study, we showed that starvation potently promoted arousal in mice and activated PVT CR+ neurons, which then drove downstream targets in the BNST to suppress sleep. Our results uncover a previously unknown cellular and circuitry mechanism that guides PVT responses to starvation, thereby orchestrating the conflict between sleep and food seeking.
RESULTS

Starvation Modulates PVT Neuronal Activity
To monitor the activity changes of PVT neurons after fasting across the sleep-wake cycle, we implanted a movable 16-microwire bundle into the PVT for single-unit recording and electroencephalogram-electromyogram (EEG-EMG) electrodes for simultaneous polysomnography ( Figures 1A and 1B ). Monitoring the activity changes of the same neuron under baseline and 24-hr food-deprived conditions was performed to determine the influences of starvation ( Figure 1C ). The internal-spiking interval (ISI) characteristics of the same unit were assessed ( Figure 1D ). Waveform similarity between the waveform recorded at baseline and that of the same unit recorded during each subsequent fasting state was determined by linear correlation and used to evaluate recording stability. Units with high similarity r values of >0.95 were adopted ( Figure 1E ), and 116 well-isolated neurons were collected (172 recorded units in total). We analyzed the activity of the PVT neurons across natural sleep-wake cycles (wakefulness, non-rapid eye movement (NREM) sleep, and REM sleep; Figure S1A ). The neurons located in different quadrants were considered as ''different state'' (STAR Methods; Figures S1B and S1D). Approximately one-third of the PVT neurons showed daily rhythm, whereas a large proportion were nonrhythmic ( Figure S1C ). Intriguingly, the firing rates during wakefulness and REM sleep were significantly higher than those during NREM sleep ( Figure S1E ).
We further quantified the changes in PVT neuronal activity and found that a large proportion of units were either activated or suppressed by fasting, and this modulation was consistent across different brain states ( Figures 1F and 1G ). The increased firing of PVT neurons during fasting may be advantageous for promoting wakefulness in mice to respond to starvation, which was significantly negatively correlated with the baseline neuronal activity in the three states, such that the PVT neurons with high basal firing rates were more likely to decrease firing after fasting ( Figure 1G ).
Arousal is governed by physiological needs and external stressors in a variety of organisms [24, 25] . To quantitatively describe the effects of starvation, we investigated the salient effects after 24 hr of fasting at the onset of the dark phase and found that wakefulness was significantly increased, whereas NREM and REM sleep were decreased ( Figures S2A and S2B ). These findings thus indicate that starvation significantly promotes arousal in mice. Based on these results, we focused on the starvation-induced wakefulness and observed that a large fraction of the PVT unit firings were increased (50% unit; 59/ 116), whereas 38% were decreased and 12% showed no change ( Figures 1H, 1I , and S2C).
To further confirm the correlation between hunger and PVT neuronal activity, mice received an intraperitoneal injection of the hunger hormone, ghrelin, to induce an acute starvation-like state. This was followed by electrophysiological recordings. The discharge rate of PVT neurons increased in 32% of the units (33/104) but decreased in 31% and remained unchanged in 37%, similar to the changes observed during chronic starvation ( Figures 1J, 1K , S2D, and S2E). Ghrelin treatment also dramatically increased food intake ( Figure S2F ). Thus, these results suggest that PVT neuronal activity can be modulated by starvation.
Starvation Activates PVT CR+ Neurons
Previous reports have demonstrated that the PVT is involved in arousal and high-level brain functions [13, [26] [27] [28] [29] . However, the cell-type specificity in the PVT associated with starvation and arousal remains obscure. Calretinin (CR) is strongly expressed in the PVT [30, 31] . In situ hybridization (ISH) and immunofluorescence staining revealed that an overwhelming majority of CR+ neurons in the PVT co-expressed the glutamatergic marker vesicular glutamate transporter (Vglut2), whereas 61.52% ± 2.62% of Vglut2+ neurons expressed CR (Figures S3A and S3B). To probe the sensitivity of PVT CR+ neurons to starvation, we examined the expression of c-Fos as a marker of neural activity. Both 24-hr fasting and ghrelin treatment individually induced robust expression of c-Fos in PVT CR+ neurons ( Figures S3C-S3F) . Notably, the vast majority of starvationand ghrelin-activated Fos+ cells expressed CR. These data demonstrate that the PVT CR+ neurons are mostly recruited by starvation and raise the possibility that they may be a novel regulator of starvation-induced arousal.
Optogenetic Activation of PVT CR+ Neurons Promotes Wakefulness
To reveal the causal role between PVTCR+ activity and wakefulness, we stereotactically injected a Cre-inducible adeno-associated virus (AAV) expressing ChR2-enahnced yellow fluorescent protein (ChR2-EYFP) or EYFP (control) into the PVT of CR-Cre mice (Figure 2A ). ChR2-EYFP expression was restricted to the PVT area ( Figure 2B ). To avoid potential ceiling effects, we applied optogenetic stimulation to the PVTCR+ neurons during the light phase through optical fibers implanted in the PVT (473 nm; 8-12 mW; 10 ms per pulse; 60 s per trial). Optoactivation at 5 Hz ( Figure 1K ) in ChR2 mice induced a rapid desynchronization of the EEG and an increase in EMG power ( Figure 2C ). Compared with the baseline period, laser stimulation caused a significant increase in wakefulness, decrease in NREM sleep, and shortened latency to wakefulness in ChR2 mice, but not in EYFP mice (Figures 2D, 2F, and S4A-S4C). Moreover, optostimulation at 5 Hz in ChR2 mice caused a significant change, as revealed by spectral analysis; specifically, delta (0.5-4 Hz) and high-frequency (40-100 Hz) EEG powers were decreased and increased, respectively. However, no differences were observed in EYFP mice ( Figures 2G, 2H , S4D, and S4E). Taken together, our findings demonstrate that PVTCR+ neurons have a potent capacity to promote arousal.
Previous reports have demonstrated that direct stimulation of PVT neurons reduces food intake [21], whereas muscimol inhibition of the PVT dose-dependently increases food intake [32] . In another study, optoactivating PVT Glut2+ -nucleus accumbens (NAC) circuit significantly increases reward consumption [33] . Moreover, PVT-NAC pathway promotes food intake in a novel environment [34] . However, the role of PVT CR+ neurons in feeding behavior remains unclear. We injected Cre-dependent AAV5-EF1a-DIO-ChR2-EYFP or AAV5-FLEX-ArchT-GFP into the PVT of CR-Cre mice ( Figure S5A ). Acute optoactivation of PVT CR+ neurons significantly reduced re-feeding in fasted mice, but not in fed mice ( Figure S5B ). Conversely, optogenetic inhibition of these neurons did not affect food intake in fed or fasted mice ( Figure S5C ). We further performed an open field test (OFT) to investigate the effect of locomotion activity. Neither acute photoactivation nor photoinhibition of PVT CR+ neurons regulated locomotor activity ( Figures S5D-S5F ). These data together suggest that two populations of PVT neurons differentially promote arousal and feeding.
Chemogenetic Inhibition of PVT CR+ Neurons Attenuates Starvation-Induced Arousal
To further investigate the necessity of PVT CR+ neurons in starvation-induced arousal, we employed a chemogenetic approach to reversibly inhibit neuronal activity [35, 36] . CR-Cre mice were stereotaxically injected with an AAV conditionally expressing a modified inhibitory muscarinic G-protein-coupled receptor (AAV5-hSyn-DIO-hM4Di-mCherry, ''hM4Di'' hereafter, or control virus AAV2-EF1a-DIO-EYFP, ''EYFP'' hereafter) into the PVT, with EEG-EMG electrodes implanted simultaneously ( Figure 3A ). Results showed that hM4Di expression was limited to the PVT CR+ neurons ( Figures 3B and 3C ). We first confirmed the efficacy of chemogenetic inhibition by in vitro patch-clamp recording. Clozapine-N-oxide (CNO) treatment induced hyperpolarization of the resting membrane potential in neurons expressing hM4Di ( Figures 3D and 3E ), and spontaneous action potentials were abrogated ( Figures 3D and 3F) , showing that the activity of the hM4Di-expressing PVT CR+ neurons could be regulated by CNO in vitro.
We next examined the effects on sleep-wake states in response to 24 hr of fasting after injection of saline or CNO (1 mg kg À1 ; intraperitoneal injection) at the beginning of the active dark phase and monitored EEG-EMG signals for 1 hr. In hM4Di mice, CNO inhibition of these neurons significantly reduced wakefulness and promoted NREM sleep and REM sleep in comparison to the saline and EYFP controls ( Figure 3G ). Furthermore, the latency to NREM sleep after CNO injection showed the decreased tendency in hM4Di mice, but not in EYFP mice ( Figure 3H ). Moreover, there was no detectable difference in delta (0.5-4 Hz) and high-frequency (40-100 Hz) power after CNO injection relative to the saline condition ( Figures  3I-3K ). Thus, these findings indicate that PVT CR+ neurons are required for supporting arousal during starvation but have no effect on sleep homeostasis.
Distinct Effects of PVT Projections on Starvation
We next investigated the organization of PVT CR+ projections in the forebrain and their activity during starvation. An (I) Power spectral density analysis revealed CNO-induced effects on low-frequency power and high-frequency power with respect to saline conditions. Gray and light-red shadings represent ± SEM. (J and K) CNO-induced delta (0.5-4 Hz) power (J) and high-frequency (40-100 Hz) power (K) showed no significant differences in hM4Di mice compared to the controls; two-tailed unpaired t test. n.s., not significant. For all panels, EYFP, n = 11 mice; hM4Di, n = 11 mice. Boxplots show mean (solid square), median, quartiles (boxes), and range (whiskers). the majority of the CTB+ neurons projecting to the NACsh, BNST, SI, and CeL were CR+ neurons, whereas relatively few co-localized PVT CR+ neurons projected to the BLA or mPFC (Figures 4F-4L).
To assess whether different pathways were equally activated during starvation, CTB555 was injected into the five downstream targets, respectively. We then examined the c-Fos expression in different projecting neurons ( Figures 5A-5E ), except for the mPFC, due to the limited number of projecting neurons in the PVT. Of note, compared to the fed group, PVT neurons projecting to the NACsh, BNST, and SI were significantly activated by starvation, whereas no significant differences were observed in the PVT-CeL or PVT-BLA pathways ( Figures 5F-5J ). These results suggest that PVT CR+ neurons are organized in distinct pools and provide feasible outputs employed in starvation-induced arousal. 
Optoactivation of PVT CR+ Projections Differentially Modulates Arousal
To illustrate the role of projections in regulating arousal, we virally expressed ChR2 or EYFP into PVT CR+ neurons and implanted optical fibers above the NACsh, BNST, and SI, following the fixation of EEG-EMG electrodes ( Figures 6A, 6D , 6G, 6J, and 6M). Laser stimulation of PVT CR+ terminals in the BNST at 5 Hz in ChR2 mice caused a significant increase in wakefulness, decrease in NREM sleep, and shortened latency from sleep to wakefulness compared with 1 Hz, although these changes were not observed in EYFP mice ( Figures 6B-6I , S6I, and S6J). In contrast, optoactivation of PVT CR+ to the NACsh or SI projections in ChR2 mice did not alter state transition or latency to wakefulness ( Figures 6J-6O , S6K, and S6L).
We next sought to examine cortical EEG activity and found that laser stimulation of PVTCR+ terminals in the BNST at 5 Hz in ChR2 mice led to a decrease in delta (0.5-4 Hz) and an increase in high-frequency (40-100 Hz) EEG power during the laser-on period, but not in EYFP mice ( Figures S6A-S6D ). In contrast, optostimulation of PVTCR+ terminals in the NACsh or SI had no obvious effects on cortical EEG activity ( Figures S6E-S6H ). Together, our findings suggest that PVTCR+ neurons differentially modulate arousal, and the wake-promoting effect of these neurons is predominantly mediated by the PVTCR+-BNST circuitry.
PVT-BNST Circuitry Is Necessary for Starvation-Induced Arousal
To better understand the neural transmission between PVT CR+ and BNST neurons, we injected AAV5-EF1a-DIO-ChR2-eYFP into the PVT of CR-Cre mice and then preformed BNST brain slice recordings ( Figures 7A and 7C ). Dense fibers were found in the BNST from ChR2-expressing PVT CR+ neurons ( Figure 7B ), and blue-light-evoked excitatory postsynaptic currents (EPSCs) were detected in approximately half of the BNST neurons. These EPSCs were completely blocked by ionotropic glutamate receptor antagonists DL-2-amino-5-phosphonovaleric acid (AP-5) (10 mM) and 6-Cyano-2,3-dihydroxy-7-nitroquinoxaline (CNQX) (50 mM; Figure 7D ), demonstrating an excitatory synaptic contact between PVT CR+ neurons and BNST neurons.
Thus far, we observed that PVT neurons projecting to the BNST were mainly CR+ neurons and optoactivation of the PVT CR+ -BNST circuit, but not the PVT CR+ -NACsh circuit, rapidly promoted arousal. To further clarify the necessity of this specific pathway in regulating starvation-induced arousal, we adopted selective chemogenetic inhibition of BNST or NACsh-projecting PVT neurons. We injected a retrograde canine adenovirus expressing Cre recombinase (CAV2-Cre) into the BNST or NACsh, followed by injection of AAV5-hSyn-DIO-hM4Di-mCherry (hM4Di mice) or AAV2-EF1a-DIO-EYFP (EYFP mice) into the PVT ( Figures 7E, 7F , S7A, and S7B). After 24 hr of fasting, we explored the effects on the regulation of starvation-induced arousal after injection of saline or CNO into hM4Di and EYFP mice. Compared with saline injection, CNO inhibition of BNST-projecting PVT neurons in hM4Di mice, but not in EYFP mice, significantly decreased wakefulness, increased NREM sleep, and shortened latency from wakefulness to NREM sleep ( Figures 7G and 7H ). For cortical EEG activity, chemogenetic inhibition of BNST-projecting PVT neurons had no obvious effect on the delta (0.5-4 Hz) or high-frequency (40-100 Hz) activity in hM4Di mice compared to EYFP mice ( Figures 7I-7K) .
In contrast, for inhibition of the PVT-NACsh circuit, we did not observe any changes in the sleep-wake proportion or latency to NREM sleep or in delta and high-frequency power, relative to the saline conditions in the hM4Di and EYFP mice ( Figures S7C-S7I ). Taken together, these results indicate that the PVT-BNST cir-cuitry is required for maintaining starvation-induced arousal and may play a critical role in coordinating the conflict between going to sleep and seeking food. 
DISCUSSION
Here, we performed simultaneous multiple-channel single-unit and polysomnography recordings in conjunction with optogenetic and chemogenetic manipulations to define a cell-type-specific neural circuitry modulating starvation-induced arousal and coordinating the conflict between going to sleep and food consumption. Our in vivo recordings revealed that PVT neuronal activity can be modulated by starvation, which in turn can increase wakefulness. Causal experiments proved that direct activation of PVT CR+ neurons promoted arousal and their activity was necessary for starvation-induced arousal. Optoactivation of the PVT CR+ -BNST circuit rapidly promoted wakefulness, whereas inhibition attenuated arousal in response to starvation. To the best of our knowledge, this is the first demonstration of a circuitry that mediates starvation-induced arousal.
The PVT acts to integrate information-related energy states and arousal to regulate feeding behaviors [37] . Electrophysiological and c-Fos studies have revealed that PVT neurons exhibit higher activity during wakefulness [38] . The PVT overwhelmingly receives the central feeding-related peptidergic innervations, including orexin, NPY, MCH, and CART, from the hypothalamus [12, 29] . In this way, PVT is a thalamic gateway to appetitive motivation, feeding, and sleep-wake regulation. Our single-unit data demonstrated that PVT neuronal activity can be modulated by acute and chronic starvation. Notably, one-third of PVT neurons showed diurnal rhythm, which may be related to connection with the SCN [16, 39] . Most PVT neuronal activity changes showed a similar trend during the three brain states under fasting conditions and were probably responsible for the starvation-induced arousal.
Previous studies have reported that fasting alters sleep-wake patterns [40, 41] . Food deprivation, a type of chronic stress, disrupts sleep [42] and induces hangry [43] or anxiety [44, 45] . To examine how specific PVT neurons to interoceptive stressors, we observe the Fos induction under additional stressors, such as water deprivation and foot shock. We find that PVT CR+ neurons are significantly activated. The vast majority of stressors-activated Fos+ cells express CR, suggesting that PVT CR+ neuronal activity is nonspecific to the stressors. Especially, BNST-projecting PVT CR+ neurons are activated by food deprivation. The BNST, a part of extended amygdala, has been implicated in maladaptive anxiety characteristic of anxiety disorders [46, 47] . Therefore, we conjecture that PVT-BNST circuit might be important in coordinating the stressful-arousal induction that occurs with hunger.
The PVT, as a ''way-station,'' integrates multiple functions, including arousal, reward, and stress [48, 49] . The neuronal activity of PVT CR+ neurons measured by fiber photometry increased in the ad libitum fed mice, when they voluntarily interacted with peanut butter, an energy-dense food considered as rewarding, whereas presentation of chow or object has no obvious effect on PVT CR+ neuronal activity (data not shown). This suggests that PVT neuronal activity may encode salience signals. It has been reported that PVT neurons are activated by a variety of salient events, including reward and aversive stimuli [49] , which supports our data.
Recent reports reveal that 10-Hz laser stimulation of dorsal medial thalamus cells can effectively prompt arousal mainly through several forebrain areas, including NAc and amygdala [50, 51] . We also investigate that optoactivation of multiple PVT projections at 10 Hz, including PVT CR+ -BNST/NACsh/SI/CeL/ BLA, all of which significantly promote sleep-wake transition (data not shown). Considering the extent of collateralization of PVT fibers to those areas [52, 53] , we reason that high-frequency stimulation might induce antidromic activation. Based on our electrophysiological recording data, we discover that 5-Hz laser stimulation of PVT CR+ -BNST prominently promotes arousal. Luo et al. [54] have identified that two cell-type-specific neurons in the NAC play opposite roles in regulating sleep and wakefulness and do not observe the effect at 5-Hz stimulation, in agreement with our findings. In addition, Ren et al. [51] demonstrate that inhibition of NAC-projecting PVT neurons significantly reduce wakefulness, but we find that NAC-projecting PVT CR+ neurons have no obvious effect on regulating starvation-induced arousal. A more likely speculation is that hunger-induced arousal might be associated with stress [44], and the BNST is a critical part of a circuit that modulates the body's stress response, so which is involved in PVT CR+ -driven arousal, rather than NAc.
In summary, our results show that PVT CR+ activity tracks the arousal state in response to starvation and provides a pivotal PVT-BNST pathway involved in the regulation of starvationinduced arousal. Going forward, therapeutic strategies targeting PVT CR+ neurons and the PVT-BNST pathway may help facilitate our understanding of the etiology of sleep-wake disturbances associated with starvation eating disorders.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Haohong Li (hxli@hust.edu.cn).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
Calretinin knock-in mice (CR-IRES-Cre&Calb2-IRES-Cre) were obtained from the Tsinghua University in Beijing and bred onto the C57BL/6J genetic background. Adult male C57BL/6 J mice weighing 25-30 g were used for in vivo single unit recording experiments. We used 6-week-old male mice for electrophysiology experiments and 8-10-week old male and female mice for other experiments. During all experimentations, mice were group-housed in the Wuhan National Laboratory at a constant temperature (22 ± 2 C), humidity (40%-60%) and circadian cycle (12 hr light-dark cycle; lights on (ZT 0 at 07:00) with ad libitum access to food and water. All experiments were performed in accordance with the guidelines of the Institute of Neuroscience, Chinese Academy of Sciences and University. All procedures involving animals were approved by the Hubei Provincial Animal Care and Use Committee and were in accordance with the experimental guidelines of the Animal Experimentation Ethics Committee of Huazhong University of Science and Technology, China.
METHOD DETAILS
Virus preparation AAV5-hSyn-DIO-hM4Di-mCherry, AAV2-EF1a-DIO-EYFP, AAV5-EF1a-DIO-ChR2 (H134R)-EYFP, AAV5-FLEX-ArchT-GFP and CAV2-Cre were produced by the University of North Carolina (UNC) Vector Core Facilities, USA. All viruses were stored in aliquots at À80 C before use.
Surgery and optical fiber implantation Viral injections were performed at the following stereotaxic coordinates: PVT, À0.95 mm from bregma, 0.56 mm lateral from midline, and 3.25 mm vertical from cortical surface with 10 angle; PrL, +1.75 mm from bregma, 0.35 mm lateral from midline, REAGENT SI, À0.45mm from bregma, 1.72 mm lateral from midline, and 4.75 mm vertical from cortical surface; CeL, À1.5 mm from bregma, 2.8 mm lateral from midline, and 4.3 mm vertical from cortical surface; BLA, À1.5 mm from bregma, 3.2 mm lateral from midline, and 4.5 mm vertical from cortical surface. After surgery, animals were kept on a heating pad until revival. All AAVs were injected at 0.3 mL and sufficiently expressed for at least 3 weeks before the experiments. For retrograde tracing, mice were injected with CTB555 (0.3 ml, 2% in phosphate buffer solution (PBS), Invitrogen, USA), with 3-5 d allowed for retrograde transport. For optogenetics, optical fibers were unilaterally implanted above the PVT, NACsh, BNST or SI. Dental cement was applied to cover the exposed skull completely and to secure the implants. After surgery, mice were allowed to recover for at least 1 week before the experiments.
In vitro electrophysiology Acute coronal slices (300 mm thick) were prepared using a vibratome (Leica VT1000S, Germany) and cut in 95% O 2 -and 5% CO 2oxygenated cutting buffer, containing (in mM): 2.5 KCl, 0.5 CaCl 2 , 7.2 MgCl 2 , 25 NaHCO 3 , 1.1 NaH 2 PO 4 , 25 D-glucose, 11 sodium ascorbate, 3 sodium pyruvate, and 97 choline chloride. Slices were incubated at 35 C in a submerged chamber containing artificial cerebrospinal fluid (ACSF) equilibrated with 95% O 2 and 5% CO 2 for at least 30 min, maintained at room temperature, and then transferred to recording ACSF containing (in mM): 118 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 26 NaHCO 3 , 0.9 NaH 2 PO 4 , and 11 D-glucose. Electrodes were filled with a solution containing 140 mM K-gluconate, 0.1 mM CaCl 2 , 2 mM MgCl 2 , 1 mM EGTA, 2 mM ATP K 2 , 0.1 mM GTP Na 3 , and 10 mM HEPES (pH = 7.25). Osmolarity of the solutions was $302 mmol kg -1 . The resistance of the electrodes was 3-6 MU. Whole-cell patch clamp recordings of fluorescently tagged PVT CR+ neurons were obtained using a MultiClamp 700B amplifier (Molecular Devices, CA, USA) connected to a Digidata 1440A interface (Axon, USA). The EPSCs were recorded in sweeps of 10 s at a holding potential of À70 mV under voltage clamp mode in the presence of AP5 (10 mM) and CNQX (50 mM). Series resistance (Rs) was monitored by measuring the instantaneous current in response to a 4-mV voltage step command. Series resistance compensation was not used, but cells where Rs changed by > 15% were discarded.
For functional assessment of the DREADD system, we patched hM4Di-mCherry-expressing PVT CR+ neurons, and neuronal firing was evoked by depolarizing the membrane potential to À40 mV in current clamp mode. After collecting baseline data for 8 min, 15 mM of CNO was applied to the bath for neuronal silencing. After 3 min of recording, the CNO was washed out with ACSF, followed by continuous recording for 9 min.
Immunocytochemistry
Brain sections were incubated in 1 3 PBS solution containing 0.1% Triton X-100 and 10% normal goat serum (NGS; Bosterbio, USA) with anti-c-Fos (1:12,000, rabbit, Synaptic System, 226003, Germany) for 40 hr or anti-calretinin (1:500, mouse, Millipore, MAB1568, Germany) overnight at 4 C. Afterward, sections were thoroughly washed four times (10 min each) in 1 3 PBS and then incubated in a secondary antibody cocktail, which included 1 3 PBS with secondary antibodies, for 2 hr at room temperature (RT). Fluorophoreconjugated secondary antibodies were purchased from Invitrogen (USA). Sections were then washed by 1 3 PBS solution four times (15 min each), mounted on glass microscope slides, dried, and coverslipped with mounting medium including 50% glycerol and DAPI (5 mg/mL, Roche, Germany).
In situ hybridization
Based on the sequence of the vGlut2 gene (3728 bp in length), we cloned a 581-bp long portion of vGlut2 from rat brain cDNA. The primers used were as per the Allen brain atlas (http://mouse.brain-map.org/experiment/show/73818754). The fragment was amplified by polymerase chain reaction (PCR) using primers for nucleotides 1806-1827 and 2365-2386. The sequence was amplified with secondary PCR to add the sequence of the T7 promoter and transcribed with T7 RNA polymerase. Brain sections (40 mm) were incubated in 0.01 M PBS, digested in 2 mg/mL proteinase K for 20 min at RT and then fixed with 4% paraformaldehyde for 10 min. The sections were then rinsed in 0.01 M PBS for 10 min three times and then prehybridized at 50 C for 2 hr. The digoxigenin (DIG)-labeled RNA probe was used at concentrations of 2 ng/ml in a solution of 50% formamide, 5 3 saline sodium citrate (SSC), 500 mg/mL heparin, 0.5 mg/mL yeast tRNA, and 1% Tween-20, and then applied to individual tubes. Sections were incubated overnight at 50 C. After hybridization, sections were rinsed in 5 3 SSCT (0.1% Tween-20 (vol/vol) in SSC) containing 50% formamide and then washed in 2 3 SSCT containing 50% formamide at 50 C for 1 hr. The sections were treated with RNase A (14 mg/mL of 0.1 m Tris, 0.5 m NaCl, and 1 mm ethylenediaminetetraacetic acid (EDTA)) for 30 min at 37 C, washed in 2 3 SSC and 0.5 3 SSC for 30 min at 50 C, washed in 0.01 M PBST for 15 min, and finally incubated in blocking solution for 2 hr at RT. The sections were then incubated overnight in blocking solution containing anti-DIG coupling AP (alkaline phosphatase) at 4 C. The sections were washed three times in 1 3 PBST, 30 min each time, and then washed with fresh AP buffer containing 0.1 M Tris-HCl (pH 9.5), 0.05 M MgCl2, 0.1 M NaCl, and 20 mM levamisole hydrochloride (#31742, Sigma, USA) diluted in double distilled H 2 O. The hybridization signals were detected with NBT/BCIP (nitroblue tetrazolium/5-bromo-4chloro-3-indolyl-phosphate, 11681451001, Roche, Germany, 1:200 diluted in AP buffer) in a light-resistant environment for 2 hr. For investigation of ISH-positive signals, the brain sections were mounted on slides and covered with 50% glycerol.
Confocal microscopy imaging
Fluorescent images from brain tissue were acquired by a Zeiss LSM 710 confocal microscope (Carl Zeiss, Germany). We used a 10 3 Plan Apochromat air objective, 20 3 Plan Apochromat air objective, 40 3 Plan Apochromat oil objective and four laser wavelengths (405 nm, 488 nm, 561 nm, and 647 nm) and differential interference contrast (DIC). Image acquisition was controlled by Zen 2011 software (Carl Zeiss, Germany), which also allowed automated z stacking, tiling and maximum intensity projection. Images were further processed and quantitatively analyzed with ImageJ software.
In vivo single-unit recording In vivo single-unit recordings were performed and analyzed as previous studies [55, 56] . The guide tubes housed 16-channel electrodes using 25.4-mm formvar-insulated nichrome wire (cat no.761500, A-M System, USA). The final impedance of the electrodes was 700-800 kU. Mice were implanted with the 16-channel electrodes targeting the PVT and then singly housed for 7 d to allow recovery. Before testing, mice were adapted to the environment and connected to the recording connector for 3 d in the soundproof chamber. During recording, the 16-channel electrodes were connected to the amplifier and sampled by a computer. Recording signals were amplified ( 3 200 000 gain) and digitized at 40 kHz by the NeuroPhys Acquisition System (Neurosys 2.8.0.8, USA) and NeuroLego System (Jiangsu Brain Medical Technology Co.ltd). Raw signals were filtered (300-6000 Hz) to remove field potential signals.
In vivo single-unit recording data analysis Single-unit spike sorting was performed using the MATLAB toolbox (MClust-4.4). Waveforms with amplitudes smaller than 50-60 mV (three times noise band) were excluded from the data. Unsorted waveforms were analyzed with peak value and two types of principal components. We manually defined waveforms with similar characters into clusters. A cluster of waveforms was considered as a single neuron if the ratio of its inter-spike-interval (ISI) under 2 ms was < 1%. In addition, if the spike time of any two units coincided via the cross-correlation comparison, those units were also taken as a single neuron.
For the simultaneous multi-channel recording and polysomnography, the baseline data were collected for 1 hr. After 24 hr of fasting, mice were then recorded for 1 hr. To confirm that the unit recorded was from the same neuron during the basal and starvation states, we analyzed waveform similarity with the Pearson correlation coefficient. The neuronal activity was aligned with wakefulness, non-rapid eye movement sleep (NREMs) and rapid eye movement sleep (REMs) states as classified by the classical EMG signal and EEG spectral characteristics. To quantify the relative firing rates of each neuron in different brain states, we then plotted REM-NREM modulation ((R REM À R NREM ) / (R REM + R NREM )) versus wake-NREM modulation ((R wake À R NREM ) / (R wake + R NREM )), where R represents the mean firing rate in each state ( Figure S1B ). The distribution outside the light-blue shading, indicating < 2-fold firing rate change (jmodulationj < 0.33), was considered to be 'different state' [57, 58] . The neurons were located in quadrant I (top right) outside the shading, suggesting that they were wake or REM-active neurons ( Figure S1D ). To examine the differences in PVT neuronal activity after fasting, we compared the mean firing rates during each brain state with the Wilcoxon rank-sum test.
For the ghrelin experiment, mice were allowed to recover for 1 week after electrode implantation and then allowed to adapt to the recording environment and intraperitoneal injection for 3 d. During the recording day, food was removed, and ghrelin (60 mg/mouse, ALX-157-021-M001, Enzo Life Sciences Inc., Exeter, UK) or saline (200 ml/mouse) was delivered by intraperitoneal injection. The single-unit spiking was recorded after injection for 20 min. To identify the effect of ghrelin, average discharge frequency was calculated per minute, and the difference was analyzed by the Wilcoxon rank-sum test. After recording, food intake was examined for 20 min to confirm the effect of ghrelin.
EEG-EMG electrode implantation surgery
After injections, mice were implanted with two stainless screw electrodes (recording electrode: AP = 1.75 mm, ML = À0.4 mm and reference electrode: cerebellum) and two EMG wire electrodes, previously soldered to a four-pin connector. The EMG electrodes were inserted into the bilateral neck muscles. The EEG-EMG electrodes were affixed to the skull with Super-Bond C&B and dental acrylic. After 7 d recovery, mice were connected to flexible EEG-EMG connection cables and adapted for at least 3 d.
Polysomnographic recording and analysis
Animals were housed at a 12-hr dark/12-hr light cycle (light on between 07:00 and 19:00). The EEG and EMG electrodes were connected to flexible recording cables via a slip ring, and recordings were performed in a sound-attenuation box. Recordings started after 3 d of habituation. The signals were recorded with a Microelectrode AC Amplifier Model 1800 (A-M System, USA), filtered (0.1-500 Hz or 10-500 Hz for EEG and EMG recordings, respectively) and digitized at 250 Hz using Intracept Chart software. A notch filter was applied at 50 Hz by the amplifier.
Based on the EEG-EMG waveforms and power spectra referred to previous studies [59] [60] [61] , we classified three states, including NREM sleep, REM sleep and wakefulness, with the custom-written MATLAB routine for each 4 s epoch. Wakefulness was defined as desynchronized low-amplitude EEG and high EMG activity; NREM sleep was defined as synchronized, high-amplitude, low-frequency EEG with delta frequencies (0.5À4 Hz), and low EMG activity compared with wakefulness; REM sleep was defined as desynchronized EEG with high power at theta frequencies (6-9 Hz) and low EMG activity.
Optogenetic manipulation
To ensure localized ChR2 expression, we injected a Cre-inducible AAV expressing ChR2-eYFP into the PVT of CR-Cre mice for all optogenetic activation experiments in Figures 3 and 7 . The optical fiber cable (125 mm diameter) was attached through an FC/PC adaptor to a 473-nm blue laser diode (Shanghai Dream Lasers Technology Co., Ltd, China), and light pulses were controlled by a dual channel DDS signal generator (Sinomeasure, MHS-2300A, China). The optical fiber cable and EEG-EMG electrodes were connected to the implanted optical fibers and connector 2 hr before each experiment. The EEG-EMG recordings and phasic optogenetic stimulations started at the light phase. During the experiments, laser pulses (1 Hz or 5 Hz, 10 ms per pulse, 60 s) were applied every 5À30 min. Each experimental session lasted for 5-6 hr. Power intensities of blue light at the tip of the optical fiber were measured by a power meter (PM100D, Thorlabs, Germany) and calibrated to emit 8-12 mW / mm 2 . To visualize spectral and temporal profiles of EEG activity during different brain states, we employed Morlet wavelet analysis and Chronux spectral analysis, based on previous study [61] .
Food deprivation
We removed all food from the home cages of the mice at the onset of the dark phase for 24 hr.
Chemogenetic manipulations
For chemogenetic manipulation of PVT CR+ neurons, CR-Cre mice were injected with AAV5-hSyn-DIO-hM4Di-mCherry or AAV2-EF1a-DIO-EYFP (control). For neural circuit inhibition, C57BL/6J mice were bilaterally injected with the CAV2-Cre virus into the BNST, followed by injection into the PVT with AAV5-hSyn-DIO-hM4Di-mCherry or AAV2-EF1a-DIO-EYFP (control), and then implantation with EEG-EMG electrodes. Four weeks later, mice with hM4Di-mCherry or EYFP injection were connected to the data acquisition system for EEG and EMG signals. Mice were habituated to experimental handling for 3 d before injection and polysomnographic recording. Saline or clozapine-N-oxide (CNO, selective ligand for hM4Di, 1 mg kg -1 dissolved in saline; Enzo Life Sciences Inc., Exeter, UK) was intraperitoneally injected 45 min prior to recording at 19:00 (onset of dark phase). Recordings were carried out for 1 hr following injection. Spectral power changes in CNO conditions compared with saline conditions were calculated over certain EEG frequency bands (0.5-4 Hz for delta and 40-100 Hz for high-frequency).
Food Intake Assay for Optogenetic Studies
Mice were handled at least three days prior to performing behavior. Food intake was measured over three 20 min epochs (Laser Off, Laser On, Laser Off), respectively. For optical activation studies, mice received blue light laser stimulation (473 nm, Shanghai Dream Lasers Technology Co., Ltd) of approximately 8 mW (5 Hz 10-ms pulse). For optical inhibition studies, mice received 3 s on 1 s off laser stimulation (532 nm, Shanghai Dream Lasers Technology Co., Ltd) and laser power was adjusted to be around 10-12 mW at the fiber tip. Stimulation paradigms were programmed into an ArControl system [62] . In food deprivation studies, mice were food deprived for 24-hr from the beginning of nighttime.
Open Field Test for Optogenetic Studies
The open field test (OFT) was performed in three 5 min epochs (Laser Off, Laser On, Laser Off), respectively. For optical inhibition studies, mice received continuous optogenetic stimulation. For optical activation studies, mice received blue light (473 nm) at 5 Hz laser stimulation.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical details of the experiments can be found in the figure legends and the Method Details section of the STAR Methods. Data collection and analysis were not performed blindly. They were assigned to control or experimental groups based on whether they received EYFP, ChR2 or hM4Di virus injections. The p values were calculated by Wilcox rank-sum test, Wilcox signed-rank test, two-tailed paired and unpaired t tests, one-way ANOVA and two-way repeated-measures ANOVA. All data were analyzed using SPSS software (v.22, IBM, New York, NY, USA). Data are expressed as mean ± SEM. Statistical significance was set at *p < 0.05, **p < 0.01, and ***p < 0.001.
